abstraCt humic substances are the major components of soil organic matter. among the three humic substance components (humic acid, fulvic acid, and humin), humin is the most insoluble in aqueous solution at any ph value and, in turn, the least understood. humin has poor solubility mainly because it is tightly bonded to inorganic soil colloids. by breaking the linkage between humin and inorganic soil colloids using inorganic or organic solvents, bulk humin can be partially soluble in alkali, enabling a better understanding of the structure and properties of humin. however, the structural relationship between bulk humin and its alkaline-soluble (as) and alkaline-insoluble (ais) fractions is still unknown. in this study, we isolated bulk humin from two soils of northeast China by exhaustive extraction (25 to 28 times) with 0.1 mol l -1 naoh + 0.1 mol l -1 na 4 P 2 o 7 , followed by the traditional treatment with 10 % hf-hCl. the isolated bulk humin was then fractionated into as-humin and ais-humin by exhaustive extraction (12 to 15 times) with 0.1 mol l -1 naoh. elemental analysis and solid-state 13 C cross-polarization magic angle spinning nuclear magnetic resonance ( 13 C CPmas nmr) spectroscopy were used to characterize and compare the chemical structures of bulk humin and its corresponding fractions. the results showed that, regardless of soil types, bulk humin was the most aliphatic and most hydrophobic, as-humin was the least aliphatic, and ais-humin was the least alkylated among the three humic components. the results showed that bulk humin and its corresponding as-humin and ais-humin fractions are structurally differed from one another, implying that the functions of these humic components in the soil environment differed. keywords: soil humic substances, humin fractionation, elemental composition, 13 C nmr.
introduCtion
Humic substances are the most ubiquitous and widespread natural nonliving organic compounds in the environment (Senesi, 2010) . They account for approximately 60 to 75 % of the total organic matter in soil (Grinhut et al., 2011) . Soil humic substances have an important function in many environmental processes such as C sequestration, nutrient cycling, and pollutant retention (Rice, 2001; Zhang et al., 2013) . The beneficial effects of soil humic substances are mainly ascribed to their complex chemical structure and properties. Thus, understanding the structural characteristics of soil humic substances is important for clarifying their mechanisms of action in environmental processes.
Humic substances are generally divided into three main components based on their solubility in aqueous solutions at different pH values, namely, humic acid, fulvic acid, and humin (Stevenson, 1994) . Among the three humic substance components, humin is the most insoluble and, in turn, the least understood component. The poor solubility of humin is mainly due to its close association with the inorganic soil colloids, especially swelling clays and iron compounds (Cloos et al., 1981; Rice, 2001) . By breaking the linkage between humin and inorganic soil colloids using inorganic (e.g., HF, H 2 SO 4 , and Na 2 S 2 O 3 ) and organic (e.g., MIBK, urea, and DMSO) solvents, it is possible to recover and separate bulk humin into soluble and insoluble fractions (Pallo, 1993; Stevenson, 1994; Rice, 2001; Song et al., 2005; Spaccini et al., 2006; Song et al., 2011) . The fractionation of humin can reduce its insolubility as well as heterogeneity. Thus, the structure and properties of humin can be further understood. Traditionally, the HF or HF-HCl treatment has most commonly been used to recover bulk humin from inorganic soil colloids (Stevenson, 1994; Rice, 2001; Calace et al., 2007) . The soluble fraction can subsequently be isolated from the insoluble fraction of bulk humin by alkaline extraction (Song et al., 2005; Spaccini et al., 2006) . However, to the best of our knowledge, the structural relationship between bulk humin and its alkaline-soluble and alkaline-insoluble fractions is still unknown.
The purpose of the present study is to compare the structural characteristics among bulk humin and its alkaline-soluble and alkaline-insoluble fractions from two soils of Northeast China using the elemental analysis and solid-state 13 C CPMAS NMR techniques to provide new information and improve our understanding of the chemical structure of humin in the soil environment.
material and methods
The soils used in the study were developed from Quaternary Loess Deposit and classified as Luvic Phaeozem and Haplic Chernozem (FAO/ISRIC/ISSS, 1998). The Luvic Phaeozem were collected from a maize (Zea mays L.) field located in Changchun city (43º 57′ 10.7″ N, 125º 24′ 45.0″ E), Northeast China, with mean annual pluvial precipitation of 565.0 mm and mean annual temperature of 4.8 ºC. The Haplic Chernozem were from uncultivated land located in Nong'an County (44º 11′ 39.7″ N, 125º 07′ 58.5″ E), Northeast China, with mean annual pluvial precipitation of 507.7 mm and a mean annual temperature of 4.7 ºC. Soil samples were taken from the top 0-20 cm depth, air-dried, and ground to pass through a 2 mm sieve. The soil characteristics were analyzed using the recommended procedure (Lao, 1988) , and the results are shown in the table 1.
resumo: CARACTERIZAÇÃO DA DENSIDADE DE HUMINA E SUAS FRAÇÕES ALCALINAS SOLÚVEIS E ALCALINAS INSOLÚVEIS
Humin and its fractions were extracted and purified at room temperature as previously described (Song et al., 2005; Spaccini et al., 2006; Zhang et al., 2009 Zhang et al., , 2013 with some modifications. In brief, the soil sample (100 g) was shaken in centrifuge tubes with distilled water and 0.1 mol L -1 HCl solution at a soil/solution ratio of 1:10 to remove poorly decomposed light fractions and carbonates, respectively. The sample was then extracted with 0.1 mol L -1 NaOH + 0.1 mol L -1 Na 4 P 2 O 7 at a soil/extractant ratio of 1:10 for 24 h to remove alkaline-soluble humic and fulvic acids. The extraction was repeated 25 to 28 times until the supernatant was almost colorless. The alkaline-insoluble solid residue (designated as crude humin), which accounted for 97-98 % of the initial mass of the soil sample, was successively treated 30 times with 10 % HF-HCl solution at a 1:10 soil/liquid ratio. Our previous study has shown that the exhaustive acid pre-treatment was applicable to characterize the chemical structures of soil humin (Zhang et al., 2009 ). The HF-HCl treatment can effectively remove the mineral matrix, concentrate organic matter, and enhance the signal-to-noise ratio of solid-state 13 C NMR spectra (Kögel-Knabner, 1997; Schmidt et al., 1997) . After the HF-HCl treatment, the residue was rinsed with 10 % HCI to eliminate secondary minerals such as the fluorite formed during demineralization. The resulting humin (designated as bulk humin) was washed with distilled water until the supernatant was Cl --free, oven-dried at 50 ºC, and ground to < 0.1 mm.
T h e b u l k h u m i n s a m p l e w a s f u r t h e r extracted with 0.1 mol L -1 NaOH solution using a 1:100 sample/extractant ratio. The alkaline treatment was repeated 12 to 15 times until the supernatant was almost colorless. The combined dark-colored supernatants, which were designated as alkaline-soluble humin (AS-humin), were acidified with 6 mol L -1 HCl to pH 1. The acid-soluble fraction was colorless and hence discarded. The acid-insoluble fraction, which was used to represent AS-humin, was dialyzed in cellophane bags against distilled water until Cl --free. After the extraction, the final solid residue, which was designated as alkaline-insoluble humin (AIS-humin), was washed to neutrality with distilled water. Both AS-and AIS-humin were freeze-dried and then ground to <0.1 mm.
The C, H, N, and S contents were determined using an Elementar Vario MICRO elemental analyzer. The ash content was measured by thermogravimetric analysis using a Perkin-Elmer Pyris Diamond TG/DTA thermal analyzer over a temperature range of 30 to 800 ºC at a heating rate of 10 ºC min -1 . The solid-state 13 C CPMAS NMR spectra were recorded on a Bruker AVANCE III 400 WB spectrometer equipped with a 4 mm standard bore CPMAS probehead whose X channel was tuned to 100.62 MHz for 13 C, and the other channel was tuned to 400.18 MHz for broadband SPINAL64 1 H decoupling, using a magnetic field of 9.39 T at 298 K. The dried and finely powdered samples (100-150 mg) were packed into 4 mm cylindrical ZrO 2 rotors closed with Kel-F caps that were spun at 12 kHz during acquisition. A total of 5000 or 10000 scans with 2048 data points were collected over a spectral width of 50 kHz, an acquisition time of 20 ms, a recycle delay time of 3 s, and a contact time of 2 ms for each sample. The Bruker TopSpin 3.2 software was used to collect and process the spectra. All the free induction decays (FIDs) were zero filled to 8,192 points and multiplied with a decaying exponential function equivalent to a line broadening of 100 Hz prior to Fourier transformation. The spectra were automatically phased and baseline corrected. All 13 C chemical shifts were referenced externally to the methylene resonance of adamantane (C 10 H 16 ) standard at 38.4 ppm. The spectra were divided into the following four integrating regions: alkyl C (0-50 ppm), O-alkyl C (50-110 ppm), aromatic C (110-160 ppm), and carbonyl C (160-210 ppm). The areas of the respective spectral regions were measured through the integration routine of the spectrometer and expressed as percentages of the sum of all spectral areas (i.e., relative intensity) (Pane et al., 2013) . The natural valleys between signals are used as integration cut-off points (Rasyid et al., 1992) . The spinning side band (SSB) was corrected by subtracting the area of the side band from that of the aromatic carbon region (Conte et al., 1997) . 
results and disCussion
The extraction yields, organic C recovery rates, ash contents, and elemental composition of bulk humin and its corresponding AS-humin and AIS-humin are shown in table 2. The organic C recovery rates of bulk humin after the HF-HCl treatment were 73.3 % for Luvic Phaeozem and 66.4 % for Hapic Chernozem, respectively, indicating that most of the organic C was retained in the final samples (Zhou et al., 2014) . The ash contents of bulk humin (36.8 and 39.6 %, respectively) were still high although the HF-HCl treatment was repeated. Zhang et al. (2009) found that the ash contents of the humin from black soil were from 34.9 to 46.6 % after treatment with different concentrations of the HF-HCl solution. As expected, AS-humin had the lowest ash content (6.62 and 6.70 % respectively) among the three humic components. After the organic matter-enriched AS-humin was isolated, the ash contents of AIS-humin (59.2 and 60.6 % respectively) increased in a relative manner. In general, the C content followed the order AS-humin > AIS-humin > bulk humin, and for H and N, the order was bulk humin > AIS-humin >AS-humin. This led to the H/C ratio decreasing in the order bulk humin > AIS-humin > AS-humin, whereas the reverse was observed for the C/N ratio. Higher H/C and lower C/N ratios imply a higher aliphaticity and maturity of humic substances, respectively (Nierop et al., 1999; Tan, 2003) . Therefore, our results suggest that bulk humin was the most aliphatic and mature, followed by AIS-humin and AS-humin, which is in agreement with the result of the 13 C CPMAS NMR spectra (Table 3 ). In addition, the low C/N ratio for the insoluble fraction of bulk humin suggests that it could be dominated by microbial residues (Lu et al., 2000) . (1) Alkyl C/O-alkyl C; (2) Aliphatic C/aromatic C = (alkyl C + O-alkyl C)/aromatic C; (3) Hydrophobic C/hydrophilic C = (alkyl C + aromatic C)/(O-alkyl C + carbonyl C).
Compared with the H/C ratios of Luvic Phaeozem, the H/C ratio of all the three humic components was higher whereas the C/N ratio was lower in Hapic Chernozem. This indicated that the degree of aliphaticity and maturity of these humic components was higher in Hapic Chernozem than in Luvic Phaeozem, also in accordance with the result of the 13 C CPMAS NMR spectra (Table 3) . Meanwhile, the lower C/N ratio suggests that more microbiological reactions happen in Hapic Chernozem during the humification process (Lu et al., 2000) . The differences between the two soils could be due to the different climates, soil textures, and land uses at the two sampling sites, as discussed below.
The solid-state 13 C CPMAS NMR spectra of bulk humin and its corresponding fractions are shown in figure 1. These humic components had the features of the typical humin (Preston and Newman, 1995) and exhibited similar functional groups. The signals at around 22, 26, 31, 33, and 44 ppm in the alkyl C region are ascribed to -CH 3 , -CH 2 -, amorphous -(CH 2 ) n -, crystalline -(CH 2 ) n -, and branched aliphatic C, respectively. The peaks at around 56, 62, 73, and 105 ppm in the O-alkyl C region are derived from methoxyl C in lignin, -CH 2 OH-, -CHOH-, and anomeric C in carbohydrate, respectively. The signals at around 127 and 152 ppm in the aromatic C region are indicative of C-and H-substituted, and O-substituted aromatic C from lignin, respectively. The signal at around 173 ppm in the carbonyl C region represents carboxylic acid, amide, and ester. The signal at around 250 ppm is assigned to side bands.
Although 13 C CPMAS NMR spectroscopy may underestimate nonprotonated aromatic C and carbonyl C, it is still a suitable technique for semi-quantitative comparisons among different organic matter samples in soil (Zhang et al., 2011; Duarte et al., 2013; Zhou et al., 2014; Smernik and Kookana, 2015) . The relative intensities of the C functional groups of bulk humin and its corresponding fractions differed, and the results are listed in table 3. Across all of the humic components of the two soils, the intensity of aliphatic C (the sum of alkyl C and O-alkyl C, 52.1 to 66.7 %) was greater than that of aromatic C (17.6 to 35.7 %) and carbonyl C (7.96 to 19.8 %). This result indicates that bulk humin and its corresponding fractions were more aliphatic in nature, which is consistent with previous results (Rice, 2001; Song et al., 2005; Spaccini et al., 2006; Zhang et al., 2013) .
Irrespective of soil types, the intensities of alkyl C followed the order bulk humin > AS-humin > AIS-humin; for O-alkyl C, the order was AIS-humin > bulk humin > AS-humin; for aromatic C, it was AIS- humin > AS-humin > bulk humin; and for carbonyl C, it was AS-humin > bulk humin > AIS-humin. These changes in the relative intensity of the different C functional groups resulted in the ratio of aliphatic C to aromatic C decreasing in the order bulk humin > AIShumin > AS-humin. The ratios of alkyl C to O-alkyl C (alkyl C/O-alkyl C) and hydrophobic C to hydrophilic C (hydrophobic C/hydrophilic C) decreased in the order bulk humin > AS-humin > AIS-humin, and bulk humin > AIS-humin > AS-humin in Luvic Phaeozem; and AS-humin > bulk humin > AIS-humin, and bulk humin > AS-humin > AIS-humin in Hapic Chernozem, respectively. The aliphatic C/aromatic C, alkyl C/O-alkyl C, and hydrophobic C/hydrophilic C ratios have been used as important indicators of the degrees of aliphaticity, alkylation, and hydrophobicity of humic substances, respectively. According to the literature (Zhang et al., 2009) , higher values of aliphatic C/aromatic C, alkyl C/O-alkyl C, and hydrophobic C/hydrophilic C ratios indicate that humic substances are more aliphatic, alkylated, and hydrophobic. Therefore, our results suggest that bulk humin was the most aliphatic and most hydrophobic, AS-humin was the least aliphatic, and AIS-humin was the least alkylated among the humic components. In addition, the alkyl C/O-alkyl C ratio has also been proposed as an index to assess the degree of decomposition of humic substances, with a higher value indicating a higher degree of decomposition (Preston and Newman, 1995) . In our study, the alkyl C/O-alkyl C ratio indicated that the soluble fraction in bulk humin was more easily decomposed as compared to the insoluble fraction of bulk humin. The differences in the intensities of the C functional groups of bulk humin and its fractions imply their different functions in soil. Zhang et al. (2013) showed that humin has an important function for the adsorption and desorption behavior of Cu(II) in soil. The carboxyl group in soil humin was responsible for this environmental process. Considering that the AS-humin had the higher intensity of the carbonyl group, we can thus infer from the present results that AS-humin rather than AIS-humin is the vital fraction for controlling the fate of metal ions in soil.
Compared with Luvic Phaeozem, the intensities of alkyl C and carbonyl C, as well as the ratios of alkyl C/O-alkyl C and aliphatic C/aromatic C of all of the three humic components in Hapic Chernozem were higher, whereas the reverse was observed for the aromatic C content and the ratio of hydrophobic C/hydrophilic C. The results indicate that these humic components from Hapic Chernozem had higher degrees of alkylation and aliphaticity and a lower degree of hydrophobicity than those from Luvic Phaeozem. The above differences in the intensities of the C functional groups from the three humic components between the two soils can be explained by the different precipitations at the two sites. In accordance with the present results, previous studies showed that the aromaticity of soil humic substances declined with decreasing precipitations along temperate grassland climosequences in China (XI, 1998) and in Argentina (Martin-Neto et al., 1998) . Low precipitation could delay organic matter turnover (Salamanca et al., 2003) , which may restrict the formation of aromatic structures in soil humic substances.
These differences between soils can also be attributed to differences in soil texture and land use. According to Traversa et al. (2014) , the organic matter from the cultivated soil with fine texture contained more aromatic C and less aliphatic compounds compared with that from undisturbed soil with coarse texture. The lower degree of decomposition of humin in Luvic Phaeozem than in Hapic Chernozem, as revealed by the alkyl C/O-alkyl C ratio, can be ascribed to the higher clay content in the former soil than in the latter soil. It is well known that clay protects organic matter against biological attack (Baldock and Skjemstad, 2000) .
ConClusions
Bulk humin and its corresponding AS-humin and AIS-humin from Luvic Phaeozem and Hapic Chernozem had the features of typical humin and exhibited similar functional groups, including aliphatic hydrocarbon, carbohydrates, aromatics, carbonyl compounds, and others.
Regardless of soil types, bulk humin was the most aliphatic and most hydrophobic, AS-humin was the least aliphatic, and AIS-humin was the least alkylated among the three humic components.
The humic components from Hapic Chernozem had higher degrees of alkylation and aliphaticity and a lower degree of hydrophobicity than those from Luvic Phaeozem.
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